The aim of the present study was to evaluate whether neonatal exposure to lipopolysaccharide (LPS; 50 µg/kg, i.p., on postnatal day 2) induces depressive-and/or anxiety-like effects and sexually dimorphic responses in rats challenged with LPS (100 µg/kg, i.p.) in adulthood. The results revealed that males presented a less depressive state in the forced swim test and exhibited no changes in general motor activity in the open field test. Females exhibited an increase in sickness behavior, revealing different behavioral strategies in response to a bacterial disease. The male rats also exhibited higher cell proliferation, reflected by bone marrow and peripheral blood counts, and female rats exhibited a decrease in corticosterone levels. No changes were observed in the elevated plus maze or peripheral cytokine levels (interleukin-1β and tumor necrosis factor-α). Neonatal exposure to LPS induced sexually dimorphic behavioral, neuroendocrine, and immune effects after an LPS challenge in adulthood, differentially affecting male and female susceptibility to disease later in life.
Introduction
Immune activation in early life has potentially long-term effects on the brain and behavior and can also affect the offspring's susceptibility to disease later in life (Rico, Ferraz, Ramalho-Pinto, & Morato, 2010; Stoll et al., 2002; Stoll et al., 2004) . For example, newborns with episodes of infection and who have impaired growth show adverse neurodevelopmental effects (Stoll et al., 2002) .
Lipopolysaccharide (LPS), an endotoxin that mimics infection by Gram-negative bacteria, activates the immune system to release proinflammatory cytokines such as interleukin-1β (IL-1β), tumor necrosis factor α (TNF-α), and IL-6 (Aderem & Ulevitch, 2000; Muller, Ziegler-Heitbrock, & Baeuerle, 1993) . These cytokines are considered to be mainly responsible for neurodevelopmental impairments (Hornig, Weissenbock, Horscroft, & Lipkin, 1999; Pang, Cai, & Rhodes, 2003; Shi, Fatemi, Sidwell, & Patterson, 2003; Yu, Yuan, Gu, & Li, 2004) and the response to disease in adulthood (Boisse, Mouihate, Ellis, & Pittman, 2004; Shanks et al., 2000) after infection/inflammation. Moreover, perinatal LPS exposure may result in sexually dimorphic effects. For example, prenatal treatment with LPS (100 µg/kg, intraperitoneally [i.p.], on gestational day [GD] 9.5) in rats impairs social behavior (play behavior) in both infancy and adulthood in male but not female offspring (Kirsten et al., 2012; Kirsten, Taricano, Maiorka, Palermo-Neto, & Bernardi, 2010) .
Few studies have examined the sexually dimorphic effects of immune system activation during the neonatal period on behavior and the immune response in adulthood. Tenk, Kavaliers, and Ossenkopp (2008) studied the effect of neonatal LPS administration on exploratory behavior in male and female rats after a challenge with LPS in adulthood. The authors reported increased susceptibility in male offspring in which adult males treated neonatally with LPS exhibited less activity in response to the LPS challenge compared with controls, an effect not observed in females (Tenk et al., 2008) . Other recent studies have been published in this field (Tenk, Kavaliers, & Ossenkopp, 2013; Wang et al., 2013) .
According to the Global Burden of Disease Study, mood disorders such as depression and anxiety, are among the leading causes of disability worldwide (Kessler, 2000; Kessler & Wittchen, 2000; Murray & Lopez, 1997) . It is estimated that over 15% of all adults will experience an episode of major depression (i.e., depressed mood, loss of interest or pleasure, feelings of guilt or low self-worth, disturbed sleep or appetite, low energy, and poor concentration) at some point in their lifetime, with more women affected than men (20% vs. 10%); (Kessler et al., 1994; Parker & Brotchie, 2010) . Similarly, it is estimated that 25% of the general population has suffered from an anxiety disorder (e.g., apprehensiveness, sense of impending danger, panic, increased heart rate, rapid breathing, sweating, trembling, and feeling weak or tired), and women are also more affected than men (6.6% vs. 3.6%); (Kessler, et al., 1994; Weisberg, 2009) . The costs related to these diseases represent an economic burden of tens of billions of dollars per year (Jenkins & Goldner, 2012) .
Unfortunately, little is still known about the etiology and pathophysiology of depression and anxiety (Musselman, Evans, & Nemeroff, 1998; Solomon et al., 2000) . Smith (1991) proposed the macrophage theory of depression, which states that the excessive secretion of IL-1 and other products of macrophages is involved in the pathogenesis of depression. Anxiety also appears to be closely related to neuroimmune activation (Salim, Chugh, & Asghar, 2012) . Thus, the behavioral impairments, abnormal central monoamines, and hypothalamic-pituitary-adrenal (HPA) axis activation observed in depression and anxiety may be triggered by activation of the immune system, particularly during neurodevelopment (Anisman, 2009; Miller, Maletic, & Raison, 2009; Salim, et al., 2012) .
Because neonatal LPS exposure potentially induces sexually dimorphic effects and because depression and anxiety disorders can be triggered by immune activation and are more prevalent in women, the aim of the present study was to evaluate whether our rat model of neonatal exposure to LPS (50 µg/kg, i.p., on postnatal day [PND] 2) induces sexually dimorphic depressive-and/ or anxiety-like effects. To examine this possibility, we analyzed behavioral responses in the forced swim test, elevated plus maze, and open field in male and female offspring treated neonatally with LPS and challenged again with LPS (100 µg/kg, i.p.) in adulthood. Additionally, the total number of bone marrow cells, total and differential number of circulating leukocytes, serum and spleen levels of proinflammatory cytokines (IL-1β and TNF-α), and serum levels of corticosterone were also studied in similarly treated rats. The LPS challenge was performed in adulthood because neural, behavioral, and immune changes after neonatal immune activation are best observed by inducing an immune challenge (Bilbo et al., 2005; .
Methods

Animals
Twenty-six pregnant Wistar rats, 12-13 weeks of age and weighing 200-260 g, were used. The dams were individually housed in polypropylene cages (38 × 32 × 16 cm) with controlled temperature (22 ± 2°C) and humidity (45-65%) and artificial lighting (12 h/12 h light/dark cycle; lights on at 6:00 AM). The animals had free access to Nuvilab rodent chow (Nuvital, São Paulo, SP, Brazil) and filtered water. Sterilized and residue-free wood shavings were used for the animal bedding. The dams were allowed to give birth normally and nurture their offspring. The day of birth was recorded as PND1. No handling was performed on PND1, but on PND2, eight offspring (four males and four females) were randomly selected for the following studies. No crossfostering procedures were used. Litters with fewer than eight pups were culled. The eight randomly selected pups remained with their dams until weaning on PND21. On PND21, the littermates were separated and co-housed by sex under the same conditions as their parents. The behavioral and immune experiments were performed with adult rats on PND60-70 treated neonatally with LPS or saline. The experimental design is described in Figure 1 . One male and one female from each litter were used for each experiment, with different animals used in each experiment. All of the experiments were performed between 9:00 AM and 11:00 AM to minimize the possible influence of circadian changes, and the testing of the control and LPS-treated rats was intermixed. The animals used in this study were maintained in accordance with the guidelines of the Committee on the Care and Use of Laboratory Animal Resources of the School of Veterinary Medicine, University of São Paulo, Brazil (protocol no. 1398 . These guidelines are based on those of the National Institutes of Health (Bethesda, MD, USA). The experiments were performed in accordance with good laboratory practice protocols and quality assurance methods. 
Treatment
The animals were distributed into control (salinetreated) and experimental (LPS-treated) groups (n = 13 rats/group (Tenk et al., 2008) and performed during a period of brain growth and maturation (Morgane, Mokler, & Galler, 2002) . The reason to specifically treat rats on PND2 was because the period immediately after birth in rodents is the last critical period for immune system development (Landreth, 2002) . The control groups consisted of male and female pups that received only sterile saline (.9% NaCl) with the same treatment schedule as the LPS animals. Each control animal was treated with .1 ml/10 g saline solution. Adult males and females in the control and LPS groups (total of four groups) were challenged with 100 μg/kg LPS, i.p., on PND60-70, 2 or 24 h before the tests (Tenk et al., 2008) as described below.
Forced swim test
The forced swim test, which evaluates "behavioral despair," is considered a useful method for depression research (Castagne, Moser, Roux, & Porsolt, 2011; Porsolt, 1979) . Fifty-two rats (13 from each group; i.e., males and females from the control and LPS groups) were evaluated in the forced swim test 2 h after the LPS challenge on PND60-70. The test was performed as previously described Schwarz, Gorniak, Bernardi, Dagli, & Spinosa, 2003) . Briefly, in the adaptation session, the rats were individually placed in a glass cylinder (40 cm height, 22 cm diameter) that contained 25 cm of water at 20°C. After 15 consecutive minutes in the cylinder, the animals were removed and allowed to dry for 30 min in a heated enclosure (28°C) before being returned to their individual cages. One day later, in the test session, the rats were placed in the cylinder again, and the duration of immobility and latency to the first bout of immobility (in seconds) were measured during the following 5 min. Immobility was operationally defined as the lack of active behaviors (i.e., struggling, swimming, and jumping), in which the rat remained passively floating or made only minimal movements that were necessary to maintain the nostrils above the water. The water in the cylinder was changed between sessions.
Elevated plus maze
The elevated plus maze is considered a useful method for anxiety research for the selective identification of anxiolytic and anxiogenic effects (Pellow, Chopin, File, & Briley, 1985) . Fifty-two rats (13 from each group; i.e., males and females from the control and LPS groups) were evaluated in the elevated plus maze 2 h after the LPS challenge on PND60-70. The test was performed as previously described (Kirsten, Taricano, Maiorka, et al., 2010) . Briefly, the apparatus consisted of two opposing open arms (50 cm long, 10 cm wide) and two opposing closed arms (50 cm long, 10 cm wide, (Hogg, 1996) . To preclude possible bias caused by odors left by previous rats, the apparatus was washed with a 5% alcohol/water solution before each session.
General activity in the open field
Fifty-two rats (13 from each group; i.e., males and females from the control and LPS groups) were used to assess general activity in the open field. The open field test evaluates exploratory/motor changes in rat behavior (Patti et al., 2005) . General activity was analyzed as previously reported (Bernardi, Kirsten, Lago, Giovani, & Massoco Cde, 2011) . Briefly, 2 h after the LPS challenge on PND60-70, the rats were individually observed in the open field in 3-min sessions. The open field consisted of a round wooden arena (96 cm diameter, 25 cm-high walls) that was painted gray with an acrylic washable covering and subdivided into 25 parts. The measured parameters were the following: locomotion frequency (i.e., the number of floor sections entered with the four paws), rearing frequency (i.e., the number of times the animal stood on its hind legs), and immobility duration (i.e., the total time in seconds without spontaneous movement). The device was washed with a 5% alcohol/water solution before placing each animal in the apparatus.
Bone marrow counts
Twenty-four rats (six from each group; i.e., males and females from the control and LPS groups) were used to quantify the total number of bone marrow cells in femoral marrow lavage fluid (Ligeiro-Oliveira et al., 2004) . Briefly, 24 h after the LPS challenge, the left femur was removed under deep anesthesia with Rompum (Bayer, Shawnee Mission, KS, USA) + ketamine (ketamine hydrochloride Agener 10%, União Química, Brazil; 1:1) intraperitoneally at a dose of 1.0 ml/300 g of animal body weight. All efforts were made to minimize the suffering of the animals. A needle that was connected to a plastic syringe and contained phosphate-buffered saline (PBS; 5 ml) was inserted into each femoral marrow to allow cell removal by flushing. The resultant femoral marrow lavage fluid was centrifuged at 170 × g for 10 min. The cell pellet was resuspended, processed, and analyzed for total leukocytes by adding 10 µl Cresyl violet to 90 µl of the cell suspension. The cells were counted under a light microscope in Neubauer chambers.
Peripheral blood counts
In the same rats from which the femoral marrow lavage fluid was collected (six rats from each group; i.e., males and females from the control and LPS groups), blood samples were taken from the abdominal aorta with plastic syringes that contained 50 µl of 8% ethylenediaminetetraacetic acid (EDTA; Sigma, St. Louis, MO, USA) and subsequently diluted 1:20 in Turk's fluid (3% acetic acid). The total number of cells was counted under a light microscope in Neubauer chambers. Differential leukocyte counts were performed on blood smears stained with May-Grünwald-Giemsa solution (Merck do Brazil SA, Sao Paulo, Brazil).
Determination of cytokine levels in serum and spleen
The spleens were removed from the same rats in which femoral marrow cell counts were made (six rats from each group; i.e., males and females from the control and LPS groups). The spleens were dissected to a volume of 5 ml and placed on a glass dish that contained 10 ml of RPMI-1640 culture medium (Sigma, St. Louis, MO, USA) supplemented with .5% EDTA (Sigma, St. Louis, MO, USA). The spleens were then macerated, homogenized, and immediately centrifuged at 170 × g for 10 min at 4°C with 3 ml lysis buffer to remove the red blood cells from the homogenate. After centrifugation, the spleen supernatants were discharged, and the obtained cell pellets were resuspended in 1 ml RPMI-1640 and plated (1 × 10 6 cells/ml). After 24 h, the supernatants were collected and stored at -70°C until analysis.
Blood samples were also collected from the abdominal aortas of these anesthetized rats. The aliquots were centrifuged at 170 × g for 10 min, and the resulting serum was stored at -70°C until analysis. This procedure allowed the detection of IL-1β and TNF-α levels in the serum samples and spleen supernatant. Cytokines were quantified using enzyme-linked immunosorbent (ELISA) kits (R&D Systems, Minneapolis, MN, USA). Determinations were made in duplicate using standard curves according to the manufacturer's specifications. The results are expressed as pg/ml of cytokine produced. The limits of detection were 31-2000 pg/ml for IL-1β and 31-1000 pg/ml for TNF-α.
Determination of serum corticosterone levels
Using the same blood samples, serum corticosterone levels were determined using commercially available kits (Coat-a-Count; DPC, Los Angeles, CA, USA) as previously described (de Lima, Sakai, Latorre, Moreau, & Palermo-Neto, 2010 ) and according to the manufacturer's instructions. Briefly, the procedure is based on a solid-phase radioimmunoassay in which 125 I-labeled corticosterone competes with the corticosterone present in the sample for antibody sites over a fixed time interval. The serum samples were assayed directly without extraction or purification. The limit of corticosterone detection was .011 pg/ml.
Statistical analyses
The results are expressed as mean ± SEM. Homoscedasticity was verified using Bartlett's test. Data were analyzed using two-way analysis of variance (ANOVA), followed by the Bonferroni post hoc test, with treatment and sex as factors. When no interaction was observed with the nonparametric data, the MannWhitney test was used to compare the data between groups. GraphPad Prism 5 software was used to analyze the data. In all cases, the results were considered significant at p < .05. Figure 2 shows that neonatal LPS exposure and adult LPS challenge reduced the duration of immobility in males but not females compared with their controls in the forced swim test. These results revealed a less depressive state in male rats that were neonatally exposed to LPS. The two-way ANOVA revealed a significant effect of treatment (F 1,48 = 4.07, p = .049) but not sex (F 1,48 = .95, p = .334) and no interaction between factors (F 1,48 = 1.70, p = .199; Figure 2A ). The post hoc test showed a decrease in the duration of immobility in male rats compared with the respective control group. No differences were observed between the female groups. For the latency to the first episode of immobility, no effect of treatment (F 1,48 = 1.64, p = .206) or sex (F 1,48 = .08, p = .778) was found, with no interaction between factors (F 1,48 = 2.80, p = .09; Figure 2B ). For locomotion frequency, the two-way ANOVA revealed a significant effect of treatment (F 1,48 = 4.05, p = .049) and significant interaction between factors (F 1,48 = 5.80, p = .019) but no significant effect of sex (F 1,48 = .54, p = .468; Figure 4A ). The post hoc test showed a decrease in locomotion in females in the experimental group (p < .05). For rearing frequency, a significant interaction between factors was found (F 1,48 = 10.30, p = .024), with no effect of treatment (F 1,48 = 1.26, p = .267) or sex (F 1,48 = 1.85, p = .180; Figure 4B ). For the duration of immobility, a significant treatment effect was found (F 1,48 = 4.58, p = .038) but no effect of sex (F 1,48 = .54, p = .84) and no interaction between factors (F 1,48 = 2.07, p = .150; Figure 4C ). The Mann-Whitney test showed an increase in immobility in females in the experimental group compared with the respective control group (Welch's approximated t = 2.91, df = 13, p = .012). Thus, neonatal LPS exposure and adult LPS challenge impaired general activity in the open field in female experimental rats, in which the animals exhibited a decrease in locomotion and rearing frequencies and an increase in the duration of immobility. No differences were observed in male rats between groups. These results revealed a decrease in locomotor activity in females that were neonatally exposed to LPS.
Results
For the number of bone marrow cells, the two-way ANOVA revealed significant effects of treatment (F 1,20 = 32.12, p = .0001) and sex (F 1,20 = 303.16, p = .0001) and a significant interaction between factors (F 1,20 = 15.13, p = .0009; Figure 5 ). The post hoc test showed an increase in the number of bone marrow cells in males but not females compared with their controls. . n = 13 rats/group. *p < .05, **p < .01, compared with corresponding control group (two-way ANOVA followed by Bonferroni test). The data are expressed as mean ± SEM. For the total number of peripheral blood leukocytes, the two-way ANOVA revealed a significant effect of treatment (F 1,20 = 14.04, p = .001) and an interaction between factors (F 1,20 = 13.83, p = .001) but no effect of sex (F 1,20 = 3.69, p = .06; Figure 6A ). The post hoc test indicated that neonatal LPS exposure and adult LPS challenge increased the total number of peripheral blood leukocytes in males but not females compared with controls (p < .001). Similarly, the differential analysis showed that neonatal LPS exposure increased the number of polymorphonuclear and mononuclear cells in males but not females compared with their controls. For polymorphonuclear cells, a significant effect of treatment was found (F 1,20 = 4.38, p = .049), with a significant interaction between factors (F 1,20 = 5.70, p = .027) but no effect of sex (F 1,20 = 1.11, p = .305; Figure  6B ). For mononuclear cells, no effect of treatment (F 1,20 = .04, p = .834) or sex (F 1,20 = 1.11, p = .079) was found, with no interaction between factors (F 1,20 = 3.53, p = .075; Figure 6C ). . n = 6 rats/group. *p < .05, **p < .01, ***p < .0001, compared with corresponding control group (two-way ANOVA followed by Bonferroni test). The data are expressed as mean ± SEM.
Compared with their controls, males and females that were subjected to neonatal LPS exposure and adult LPS challenge exhibited no significant differences in serum and spleen IL-1β ( Figure 7A ) or TNF-α ( Figure  7B ) levels. For serum IL-1β levels, a significant effect of sex was found (F 1,15 = 13.27, p = .0023), with no effect of treatment (F 1,15 = 1.64, p = .220) and no interaction between factors (F 1,15 = .04, p = .841). For serum TNF-α levels, no significant effect of treatment (F 1,15 = 3.92, p = .065) or sex (F 1,15 = .01, p = .912) was found, with no interaction between factors (F 1,15 = .41, p = .532). For spleen IL-1β levels, no significant effect of treatment (F 1,20 = 2.84, p = .107) or sex (F 1,20 = 2.78, p = .110) was found, with no interaction between factors (F 1,20 = 3.03, p = .097). For spleen TNF-α levels, no significant effect of treatment (F 1,20 = .60, p = .404) or sex (F 1,20 = 3.16, p = .09) was found, with no interaction between factors (F 1,20 = 15.26, p = .0009). The post-hoc test showed no differences between males and their controls, but females in the LPS group exhibited an increase in spleen TNF-α levels compared with their controls. . n = 4-6 rats/group. *p < .05, compared with corresponding control group (two-way ANOVA followed by Bonferroni test). The data are expressed as mean ± SEM.
As shown in Figure 8 , neonatal LPS exposure and adult LPS challenge reduced serum corticosterone levels in females but not males compared with their controls. The two-way ANOVA revealed significant effects of treatment (F 1,20 = 9.77, p = .005) and sex (F 1,20 = 8.69, p = .008) and a significant interaction between factors (F 1,20 = 7.92, p = .01). Corticosterone levels in females in the LPS+LPS group were equivalent to the levels in both male groups. . n = 6 rats/group. ***p < .0001, compared with corresponding control group (two-way ANOVA followed by Bonferroni test). The data are expressed as mean ± SEM.
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Discussion
The present results showed that neonatal LPS exposure induced sexually dimorphic behavioral, neuroendocrine, and immune effects in rats after an LPS challenge in adulthood. Males but not females treated with LPS exhibited a less depressive state in the forced swim test. The forced swim test is considered a valid pharmacological tool to evaluate the depressive syndrome. It is based on the observation that rats initially move and try to escape from the water and subsequently remain motionless and float (Porsolt, Anton, Blavet, & Jalfre, 1978) . This posture was interpreted by Porsolt (1979) as a state of despair induced by an inescapable situation. The less depressive state of males in the present study might indicate the induction of endotoxin tolerance in response to neonatal LPS exposure. Endotoxin tolerance is defined as a state of reduced responsiveness to an endotoxin challenge after a primary bacterial insult (Yang et al., 2012) . As an adaptive mechanism of the innate immune system, it protects the body against septic shock (Gantner & Singh, 2007) .
The mechanism of endotoxin tolerance is thought to involve the suppression of proinflammatory cytokine expression (Choi et al., 2011) and induction of long-term desensitization of the HPA axis after subsequent LPS exposure (Valles, Marti, Harbuz, & Armario, 2002) . Thus, the absence of a change in serum proinflammatory cytokine and corticosterone levels in males in the present study might be a consequence of endotoxin tolerance because cytokine and corticosterone levels would be expected to increase after an LPS challenge. Therefore, endotoxin tolerance appeared to prevent the increase in both serum proinflammatory cytokine and corticosterone levels.
The elevated plus maze is currently one of the most popular tests for anxiety (Pellow, et al., 1985) . Its functionality as an animal model of anxiety is based on exploratory activity and the spontaneous natural aversion of rodents for open spaces. Our model of neonatal LPS exposure and LPS challenge in adulthood did not affect activity in the elevated plus maze. The procedure produced neither anxiolytic nor anxiogenic effects. Some studies reported that neonatal LPS exposure induced less anxietylike responses in the elevated plus maze (Rico, et al., 2010; Wang, et al., 2013) , but the treatment protocol of these authors, including the postnatal day of injection, was different from the present study.
Neonatal exposure to LPS reduced general activity in the open field in female rats. The animals exhibited a decrease in locomotion and rearing frequencies and an increase in immobility duration, but these results were not observed in males. Hypoactivity is one of the best indices of sickness behavior induced by immune system activators, such as bacterial infections (Engeland, Kavaliers, & Ossenkopp, 2003; Tenk, et al., 2008) . Thus, the open field results indicated that female rats that were neonatally treated with LPS exhibited exacerbated sickness behavior when challenged with LPS in adulthood. Sickness behavior is considered an adaptive behavioral strategy that seeks to combat the invading organism and promote rapid healing (Hart, 1988; Kent, Bluthe, Kelley, & Dantzer, 1992) . The reduction of locomotor activity is adaptive because it decreases the chance of predation in the wild and conserves both energy and body heat, thereby facilitating fever production/maintenance and boosting immune function (Hart, 1988) . The response in the open field test suggests that females but not males benefited from neonatal LPS exposure.
Neonatal LPS exposure also increased spleen TNF-α levels. Increased proinflammatory cytokine levels are another classic sign of sickness behavior (Kent et al., 1992) . Thus, the peripheral cytokine levels observed in the present study supported the hypothesis that females exhibit an increase in sickness behavior. Spleen IL-1β levels and serum cytokine levels were not increased in the present study, likely because the immune evaluations were performed only 24 h after the LPS challenge. At the LPS dose used in the present study, the elevation of proinflammatory cytokine levels tends to stop after 12 h in rats (Gayle et al., 2004; Renaud et al., 2011) .
According to the theory that sickness behavior is an adaptive strategy, the decrease in behavioral responsiveness to immune activation observed in females may be related to the risks associated with sickness during pregnancy (Avitsur & Yirmiya, 1999) . Infection during pregnancy increases the risk of spontaneous abortions, preterm labor, stillbirth, and neurodevelopmental impairments (Johnson, 1994; Lynch & Ghidini, 1993) . Thus, females that engage in sexual activity while sick may impair the chance of recovery and viability of the offspring (Avitsur & Yirmiya, 1999) . Lipopolysaccharide modified female behavior, working as a protective mechanism to reduce the chance of conception during an infection. In contrast to the present study, Tenk et al. (2008) showed that neonatal exposure to high-dose LPS on PND3 and PND5 decreased locomotor activity in the open field in male rats after an LPS challenge in adulthood, an effect not observed in females. Moreover, 50 µg/kg LPS on PND3 and PND5 was shown to increase the sensitivity of dopamine D 2 receptors in male rats but not females (Walker et al., 2009) . These discrepancies could be attributable to the different periods of neonatal LPS exposure and different doses used for the LPS challenge. The type of immunogen (e.g., LPS, polyriboinosinic-polyribocytidylic acid, and cytokines), dose, and time of administration (e.g., early vs. late gestation, neonatal period) may interact with sex and play significant roles in the observed variability (Rana, Aavani, & Pittman, 2012) .
Much evidence indicates that dopamine is involved in general activity in the open field (Bernardi, De Souza, & Palermo Neto, 1981; Bernardi & Neto, 1979; Carvalho et al., 2009; Fukushiro & Frussa-Filho, 2011) . Moreover, prenatal and neonatal LPS exposure may have long-term effects on the integrity of the dopamine system Kirsten, et al., 2012; Kirsten, Taricano, Florio, Palermo-Neto, & Bernardi, 2010; Tenk, Foley, Kavaliers, & Ossenkopp, 2007) . A neonatal intracerebral LPS injection was shown to damage the dopaminergic system and enhance behavioral sensitization to the dopamine D 2/3 receptor agonist quinpirole in adult female rats but not male rats (Tenk et al., 2007) . Thus, the enhanced hypoactivity induced by LPS challenge observed only in female rats may have resulted from differential sensitivity of the dopaminergic system in male and female rats.
The likely reason that males did not present an increase in sickness behavior in the open field similarly to females is that sickness behavior is an induced motivational state that works differently in males and females (Avitsur & Yirmiya, 1999) . Employing a masculine strategy to increase reproductive success, male rodents tend to compete fiercely for access to mates and present a high tendency toward other risk-taking behavior associated with breeding (Zuk, 1990) . Males may have developed these costly traits to indicate to the female that the male can "afford" this excessive burden (Avitsur & Yirmiya, 1999) . Thus, these masculine traits reveal the health status and resistance to parasites of the male, and females that choose mates according to these traits may gain the heritable benefits of disease resistance for their offspring (Zuk, 1990) . Therefore, males cannot afford to display sickness behavior because they would not reproduce and perpetuate their genes. In other contexts, such as maintaining the social hierarchy, it is also important to mask sickness behavior to prevent status inferiority within the group (Avitsur, Cohen, & Yirmiya, 1997; Yirmiya, Avitsur, Donchin, & Cohen, 1995) . The less depressive state in males that were neonatally exposed to LPS and subjected to the forced swim test corroborates the strategy of masking sickness behavior.
The behavioral expression of LPS-induced sickness behavior depends on the priority of the behavior under consideration (Aubert, Goodall, Dantzer, & Gheusi, 1997) . In situations where the animal is at risk of death or engaged in a hierarchical confrontation (e.g., with predators, competitors, and climatic extremes), sickness behavior is momentarily interrupted to prioritize behaviors, such as fight or flight or sexual and maternal behaviors (Aubert, 1999) .
The sexually dimorphic behavior observed in neonatally LPS-exposed rats, regardless of whether sickness behavior was masked according to gender, corroborates the thrifty phenotype hypothesis. The thrifty phenotype hypothesis proposes that earlylife challenges promote specific adaptations in the developing organism, selecting appropriate responses to environmental cues (Wells, 2011) . This developmental plasticity is also adaptive in the long-term and considered a manipulation of the offspring phenotype for their benefit (Wells, 2007) . According to the thrifty phenotype hypothesis, males and females have different reproductive priorities and consequently different behavioral priorities.
We observed a decrease in serum corticosterone levels in females that were neonatally exposed to LPS and challenged with LPS compared with female controls. Although studies have reported that LPS elevated corticosterone production, the opposite may also occur. Several studies reported that rats exposed to LPS presented a decrease in corticosterone production, in Toll-like receptor 4, and adrenocorticotropic hormone receptor expression after a single LPS challenge, inducing long-term desensitization of the HPA axis (Liu et al., 2011; Valles, et al., 2002) . Thus, we postulate that the decrease in corticosterone occurred because of an endotoxin tolerance process. Interestingly, when comparing males and females, serum corticosterone levels were higher in control females than in control males. This elevated level in females vs. males is a phenomenon that has been reported in several other studies (e.g., Garcia-Caceres et al., 2010; Bowman et al., 2004) .
The immune analyses revealed that males but not females that were neonatally exposed to LPS and challenged with LPS presented higher cell proliferation (i.e., bone marrow cells, total leukocytes, and polymorphonuclear and mononuclear cells). This result was expected in males. In fact, in response to bacterial infection, the production of neutrophils by bone marrow is accelerated (Zhang et al., 2005) together with an increase in circulating leukocytes (Martin & MatuteBello, 2011) . However, explaining the increase in activation in the absence of an increase in the cytokine/ corticosterone response in males is difficult. Future studies may be conducted to better understand the mechanism of this profile of activated lymphocytes.
The fact that females did not show these changes in cell proliferation is most likely attributable to a protective mechanism of estrogen. Laboratory studies showed that estrogen may affect the outcome following sepsis in which males are more susceptible than females (Diodato, Knoferl, Schwacha, Bland, & Chaudry, 2001) . Speyer et al. (2005) reported a protective effect of estrogen on the inflammatory response, in which IL-1 and IL-6 production and intercellular adhesion molecule-1 (ICAM-1) expression are reduced. ICAM-1 is a member of the immunoglobulin superfamily and is critical for the firm arrest and transmigration of leukocytes out of blood vessels and into tissues. Its expression is increased by proinflammatory cytokines (Lawson & Wolf, 2009 ).
In conclusion, neonatal exposure to LPS-induced sexually dimorphic behavioral, neuroendocrine, and immune effects after an LPS challenge in adult rats. Male rats exhibited a less depressive state and no changes in general locomotor activity, whereas female rats exhibited an increase in sickness behavior, revealing different behavioral strategies in response to a bacterial disease. Males most likely mask sickness behavior to increase their chances of reproduction and hierarchical status, and females preserve sickness behavior to avoid reproduction and consequent injuries, such as abortion. The immune system and HPA axis experiments also revealed sexual dimorphic effects in which males presented an increase in cell proliferation, and females presented a decrease in corticosterone levels. Thus, neonatal LPS exposure differentially affected disease susceptibility later in life in male and females.
